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OPTICAL-READY WAFERS 

This application is a continuation-in-part of U.S. Application No. 10/280,492 filed 
October 25, 2002, which claims the benefit of provisional Application No. 60/397,552, filed July 
5 22, 2002. 

TECHNICAL FIELD 

The invention relates to substrates on which microelectronics circuits and devices can be 
fabricated. 

BACKGROUND 

10 As features on microelectronic circuits become smaller and as device speeds increase, we 

have been fast approaching the limits inherent in the electrical communication of signals. The 
capacitances in the microelectronic circuits along the electrical connections cause delays that 
cannot be ignored. More and more sophisticated techniques have been required to circumvent or 
push back these limitations. One direction in which people have turned their efforts has been to 

15 use photons instead of electrons to communicate information. Optical signals are not affected by 
capacitance, inductance, and ohmic resistance that are present in the circuit elements and photons 
travel much faster than the electrons. As a consequence, in recent years there have been many 
advances in the field of optical communication and processing of signals and in optical media 
and devices that enable optical communication and processing. 

20 These efforts have also had their impact on the integrated circuit fabrication industry as 

more people search for ways to combine or integrate photonic elements with the microelectronic 
devices that have been fabricated on IC chips. There have been many recent advances involving 
the fabrication of optical waveguide structures on silicon substrates, the fabrication of 
photodetectors to convert the light to electrical signals that can be used by conventional 

25 microelectronic circuitry and the fabrication of light emitters or laser elements for converting the 
electrical signals to optical signals. 
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SUMMARY 

In general, in one aspect, the invention relates to making optical-ready semiconductor 
substrates upon which microelectronic circuitry can be fabricated using conventional 
semiconductor fabrication techniques. In the case of completely optical-ready substrates, the 
5 semiconductor manufacturer need not be concerned with either developing the technology or 

know how to produce the optical components on the wafer nor need the processes that have been 
optimized for fabricating the semiconductor microelectronics be modified to accommodate the 
fabrication of the optical components. In other words, the semiconductor circuit manufacturer 
can, except for locating and making connections to the underlying optical signal distribution 
10 network, process the wafer just as though it was a blank semiconductor wafer. In the case of less 
than completely optical-ready substrates, the semiconductor manufacturer is relieved of having 
to modify its processes for those optical components that are already fabricated into the 
substrate. 

In general, in one aspect, the invention features an optical-ready substrate made at least in 

15 part of a first semiconductor material and having a front side and a backside. The front side has 
a top surface that is of sufficient quality to permit microelectronic circuitry to be fabricated 
thereon using semiconductor fabrication processing techniques. The optical-ready substrate 
includes an optical signal distribution circuit fabricated on the front side of the substrate in a first 
layer region beneath the top surface of the substrate. The optical signal distribution circuit is 

20 made up of interconnected semiconductor photonic elements and designed to provide signals to 
the microelectronic circuitry to be fabricated thereon. 

Other embodiments include one or more of the following features. The first layer region 
has a surface that defines the top surface of the optical-ready substrate. Alternatively, the 
optical-ready substrate includes a carrier substrate that is made at least in part of the first 

25 semiconductor material and a layer of second semiconductor material on top of and defining an 
interface with the carrier substrate, and wherein the optical signal distribution circuit is fabricated 
in the carrier substrate at the interface between the carrier substrate and the second 
semiconductor layer and wherein the layer of second semiconductor material defines the top 
surface of the optical-ready substrate. In still another embodiment, the optical-ready substrate 

30 includes a carrier substrate, an insulator layer on top of the carrier substrate, and a layer of 
second semiconductor material on top of the insulator layer, and wherein the optical signal 
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distribution circuit is fabricated in the carrier substrate immediately below the insulator layer and 
wherein the layer of second semiconductor material defines the top surface of the optical-ready 
substrate. 

Embodiments also include one or more of the following features. The semiconductor 
5 photonic elements of the optical distribution circuit include optical waveguides and output 

elements coupled to the optical waveguides for delivering signals carried by the waveguides to 
the microelectronic circuitry. The output elements are optical detectors which convert optical 
signals to electrical signals and/or that function to redirect light signals traveling within the 
waveguides upward toward the top surface of the semiconductor substrate. The optical 

10 distribution circuit further includes optical input elements that function to couple incoming 

optical signals into the optical distribution circuit. The optical signal distribution circuit is an 
optical clock signal distribution network. The first and second semiconductor materials are 
silicon and the insulting layer is SiC>2. 

In general, in another aspect, the invention features an optical-ready substrate including a 

15 carrier substrate made at least in part of a first semiconductor material, an insulator layer on top 
of the carrier substrate, and a layer of second semiconductor material on top of the insulator 
layer. The layer of second semiconductor material defined a top surface that is of sufficient 
quality to permit microelectronic circuitry to be fabricated thereon using semiconductor 
fabrication processing techniques. The optical-ready substrate also includes an optical signal 

20 distribution circuit fabricated in the carrier substrate immediately below the insulator layer and 
the optical signal distribution circuit is made up of interconnected semiconductor photonic 
elements and designed to provide signals to the microelectronic circuitry to be fabricated 
thereon. 

In general, in yet another aspect, the invention features a method of producing an optical- 
25 ready substrate on which microelectronic circuitry can later be fabricated. The method involves 
fabricating, by using a first set of semiconductor processes, an optical-ready semiconductor 
substrate; and sending the optical-ready substrate to a purchaser that will subsequently fabricate 
microelectronic circuitry thereon by using a second set of semiconductor processes. 

Embodiments include one or more of the following features. The fabricating involves 
30 providing a carrier substrate made at least in part of a first semiconductor material and having a 
front side and a backside; fabricating, by using the first set of semiconductor fabrication 
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processes, optical signal circuitry on the front side of the carrier substrate; and creating a top 
surface above the optical signal circuitry that is of sufficient quality to permit the microelectronic 
circuitry to be fabricated thereon using a second set of semiconductor fabrication processes. The 
optical signal circuitry is made up of interconnected semiconductor photonic elements and 
5 designed to provide signals to the microelectronic circuitry to be fabricated thereon at a later 
time. The step of fabricating the optical signal circuitry involves fabricating an optical clock 
signal distribution network. The step of creating involves fabricating an SOI (silicon-on- 
insulator) structure. 

One big advantage of completely separating the optical signal distribution circuitry from 

10 the electrical circuitry is that it separates the electrical fabrication processes from the optical 

fabrication processes. Thus, for example, a company making CMOS circuitry that has optimized 
its fabrication processes for achieving ultra high precision and very high yields need not be 
concerned with having to modify its processes and possibly compromise its ultra high precision 
and high yields to also make optical elements along with the electrical components. Indeed, the 

15 company that fabricates the electrical components can simply rely on the expertise of an optical 
fabrication company to provide the optical elements and to optimize those processes. 
Developing and optimizing the optical fabrication processes will typically require special 
expertise and considerable research effort and that may be something that is not within the either 
the financial or technical ability of the company that fabricates the electrical circuits. 

20 The electrical circuit fabricator can process the completely optical-ready substrate just as 

though it was a blank substrate, i.e., as a substrate that has no special requirements which must 
be taken into account when fabricating the electrical components. All they need to know is how 
to align the electrical circuits with the underlying optical components. But this information can 
be easily conveyed through alignment marks. In the case of optical-ready substrates that are not 

25 completely optical-ready, there is still a significant advantage to the electrical circuit fabricator in 
the form of greatly reducing the ways in which the fabricator's semiconductor fabrication 
processes must be modified or changes to accommodate the inclusion of optical components. 

The details of one or more embodiments of the invention are set forth in the accompa- 
nying drawings and the description below. Other features, objects, and advantages of the 

30 invention will be apparent from the description and drawings, and from the claims. 
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DESCRIPTION OF DRAWINGS 

Fig. 1 is a schematic representation of a first embodiment of an optical-ready substrate. 
Fig. 2 is a schematic representation of a second embodiment of an optical-ready 
substrate. 

Fig. 3 illustrates alignment marks on the optical-ready substrate that are used to align 
subsequent masks for fabricating the microelectronic circuitry on the substrate. 

Fig. 4 shows an optical clock signal distribution network layout on a chip. 

Fig. 5 is a schematic representation of an embodiment in which the optical signal 
distribution circuitry and the microelectronic circuitry are in separate regions that lie next to each 
other on the same plane. 

Fig. 6 is a schematic representation of another embodiment in which the optical signal 
distribution circuitry and the microelectronic circuitry are in separate regions that lie next to each 
other on the same plane. 

Fig. 7 is a schematic representation of the "flip-chip" embodiment. 

Fig. 8 is a graph showing losses versus cladding thickness for three different cores 
thicknesses. 

Like reference symbols in the various drawings indicate like elements. 

DETAILED DESCRIPTION 

The embodiment shown in Fig. 1 is an optical-ready substrate 10 that contains a 
semiconductor integrated optical signal distribution network 20 for distributing an optical clock 
signal to semiconductor integrated microelectronic circuitry 40 that will be later fabricated on the 
substrate above the optical circuitry. Optical-ready substrate 10 is an SOI (silicon-on-insulator) 
structure that includes a base substrate 12 of crystalline silicon, an insulating layer 14 of Si0 2 , 
and a thin upper layer 16 of crystalline silicon. Optical signal distribution network 20 is 
fabricated in substrate 12 just below insulating layer 14. Network 20 includes three fundamental 
building blocks, namely, optical waveguides 30 for distributing the optical signals between 
different locations on the chip; photodetectors 32 for converting the optical signals to electrical 
signals 33 that will be used by corresponding components of the microelectronic circuitry; and 
splitters 34 (see Fig. 4) that divide the optical signals into multiple (in this case, two) components 
where branching occurs in the distribution network. 
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The optical input signal can be supplied in a number of different ways. According to one 
way, referred to generally as an edge coupling approach, a lens arrangement 36 focuses light 
from an external optical fiber 38 into optical waveguide 30. Alternatively, an optical fiber 43 
delivers light through another arrangement of lenses 45 to waveguide 30 from a direction that is 
5 normal to the surface of the chip, from either above the chip through the top surface or under the 
chip through the backside. In that case, a reflecting element 47 fabricated within waveguide 30 
redirects that light into waveguide 30 along its longitudinal axis. In both of the above examples, 
the lenses could be eliminated by placing the fiber in close proximity to a waveguide that 
allowed the light to couple directly. In either case, the efficiency of coupling is enhanced by 

10 creating a waveguide that can accept an optical beam shape similar to that of the fiber or lens 

focal spot. In another method, a fiber may not be used for transport of light, but rather the signal 
may emit from another waveguide device or an optical or laser source, such as a semiconductor 
laser, in the above examples. In yet another way, the optical signal is generated on the chip 
instead of being supplied by an external source. In this case, a light generating element 39 (see 

15 Fig. 4) is fabricated in waveguide 30 as part of optical signal distribution network 20 and is 
controlled by an externally supplied electrical signal. Examples of such light generating 
elements include lasers, modulators, and light emitting diodes. 

Note that in this embodiment, all of the required optical circuit elements are located 
within optical signal distribution network 20 and the only signals that are provided to the 

20 microelectronic circuit by the optical network are electrical signals generated by photodetectors 
32 within the buried optical network. 

Referring to Fig. 3, it is envisioned that an optical-ready wafer 50 would be fabricated 
with everything described above present in the wafer except the microelectronic circuitry. That 
is, the optical-ready wafer would include multiple chips 52 each with its own optical signal 

25 distribution network fabricated in the substrate below the insulator layer. The upper layer of 
silicon would be high quality planar semiconductor material that is ready for fabricating 
microelectronic circuitry by using conventional semiconductor fabrication processes that are 
optimized for building such circuitry (e.g. CMOS fabrication processes). Thus, a first company 
that specializes in fabricating integrated optical networks would build the optical-ready wafers 

30 according to a specification supplied by a second company that specializes in fabricating 
integrated microelectronic circuit. The first company would then deliver the optical-ready 
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wafers to the second company and the second company would be able to process the wafers as 
though they were blank substrates and without having to modify or change its already optimized 
fabrication processes so as to also produce the integrated optical elements. 

To help the second company to properly align its fabrication masks with the underlying 
5 optical network, visible alignment marks 60 are provided on the optical-ready wafer. These 
marks enable the semiconductor circuit manufacturer to know where the optical signals and/or 
the detected optical signals can be obtained. Since in many cases, it is likely that the optical 
signal distribution layout will be designed to interface with a particular set of fabrication masks 
for a specific microelectronic circuit design, the alignment marks need only provide an alignment 

10 reference for those later masks. Aligning the masks assures that the take out points for the 

optical signals are also properly aligned with the integrated microelectronic circuit. However, if 
the optical-ready substrate is not designed to conform to a specific set of electrical circuit 
fabrication masks but rather is a generic design around which subsequent electronic circuitry can 
be laid out, then the alignment marks will need to identify the actual locations of the input and 

15 output devices in the optical signal distribution circuit. 

Various techniques for fabricating waveguides in a silicon substrate are known in the art. 
For a general discussion of some of this technology see "Photons to the Rescue: Microelectronics 
Becomes Microphotonics," L.C. Kimerling, The Electrochemical Society Interface, Summer 
2000 (pp. 28-31). For a more specific discussion of some fabrication techniques see the 

20 following four U.S. patent applications that are assigned to Applied Materials Inc.: (1) U.S.S.N. 

10/020,461, entitled "Method Of Manufacturing An Optical Core," filed December 14, 2001; (2) 
U.S.S.N. 10/017,033, entitled "HDP-CVD Film For Uppercladding Application In Optical 
Waveguides," filed December 14, 2001; (3) U.S.S.N. 09/866,172, entitled "Method For 
Fabricating Waveguides," filed May 24, 2001; and (4) U.S.S.N. 10/014,466, entitled 

25 "Waveguides Such As SiGeC Waveguides And Method Of Fabricating The Same," filed 
December 11, 2001. All four of these U.S. patent applications are incorporated herein by 
reference. 

To guide a particular wavelength X of light by conventional waveguiding, a high 
refractive index core material is formulated or deposited in the medium along an appropriate 
30 path. Waveguide materials and processing are chosen to minimize loss due to absorption and 
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scattering by the high-index core, among other design criteria like modal properties. A lower 
index cladding material may be fabricated around the core. 

For silicon-based photonics circuits the medium of choice is doped and alloyed silicon. 
Hence, the band edge is around 1200 nm. At wavelengths significantly above this band edge, 
5 e.g., >1250 nm, silicon is optically transparent so the principal issue is loss properties of the 

waveguide core material, i.e., interior losses. Near or below 1200 nm the surrounding silicon is 
very lossy and the issue shifts to minimizing these effects, i.e., exterior losses. One practical 
option for limiting exterior losses is to minimize optical power transmitted directly through the 
silicon, as discussed in greater detail later. 

10 Some of the above-mentioned references describe using SiGe waveguides in a silicon 

substrate. Such embodiments are appropriate for optical signals having wavelengths greater than 
about 1200 nm, i.e., wavelengths for which the silicon substrate is relatively transparent. Also, 
this combination of materials (i.e., silicon and germanium) is particularly good due to its ability 
to yield low defect crystalline surfaces, which, as shall become apparent, is relevant to some 

15 other embodiments described below. A small amount of Ge can be added to a crystal layer 
during growth to create a higher index waveguide core, while minimizing strain and defects. 
This layer can be patterned and silicon can again be grown on top of this waveguide by other 
techniques. 

The principle steps of an exemplary process for fabricating SiGe waveguides in Si 
20 substrates are as follows. First, trenches are etched into the substrate where the waveguides are 
to be located. Then, using a deposition process such as chemical vapor deposition (CVD), a 
series of layers are formed within the trenches. First, a blocking layer is deposited forming a thin 
protective wall in the trench. The blocking layer prevents contaminants from the substrate from 
diffusing into the waveguide and may be made of a compatible material such as epitaxial silicon. 
25 Then, a graded index SiGe layer is deposited on the blocking layer thereby forming another wall 
in the trench. In the graded layer the concentration of the Ge increases with the height of the 
graded layer. Next, a uniform index SiGe film is deposited onto the substrate filling the rest of 
the trench. This uniform index layer is the core of the optical waveguide. 

After the uniform index payer has been deposited, chemical mechanical polishing (CMP) 
30 is used to remove the deposited layers from the upper surface of the wafer in regions outside of 
the trench. After the CMP, another graded index layer is deposited onto the wafer and is 
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patterned so that it covers only the areas above the trench. Finally a cladding layer (e.g. Si) is 
deposited onto the wafer and CMP is used to planarize it, if appropriate. 

Of course, it should be understood that there are additional processes associated with 
each of these steps (e.g. cleaning, etc.) but those additional processes are well known to persons 
5 skilled in the art and so we have not included them. 

An alternative approach to forming the waveguides within trenches is to form islands of 
the material that will make up the core of the waveguide and then deposit silicon to fill in the 
regions between the islands. 

There are also known techniques for designing and fabricating y-branch waveguides or 

10 splitters. Two representative articles are: "New Design Method for Low-Loss Y-Branch 

Waveguides," T. Yabu et al., Journal of Lightwave Technology, Vol. 19, No. 9, September, 
2001, (pp. 1376-1384); and "Fast Silicon-on-Silicon Optoelectronic Router Based on a BMFET 
Device," A. Irace et al., IEEE Journal of Selected Topics in Quantum Electronics, Vol. 6, No. 1, 
January/February 2000 (pp. 14-18). 

15 In the embodiments in which the silicon is transparent to the wavelengths that are carried 

by the waveguides, to make a photodetector which absorbs those wavelengths it will usually be 
necessary to add some other material to the silicon in the detector. One such material is 
germanium. There exists considerable knowledge on how to make SiGe detectors and such 
technology would be used to incorporate such detectors into the optical distribution network 

20 layer. An alternative would be to use other semiconductor compounds, such as the ni-V 

compounds to construct optical detectors. One commonly used material is GaAs. Part of the 
issue with using any of these other materials is that they have different lattice constants from Si 
and they have different CTEs (coefficients of thermal expansion). However, if the devices are 
kept small in comparison to the total area of the chip, then these incompatibilities will not be 

25 serious. 

There are also many articles in the prior art that describe photodetectors that could be 
fabricated as part of the integrated optical signal distribution network. See for example, the 
following three technical articles: "Advances in Silicon-on-Insulator Optoelectronics," B. Jalali 
et al., IEEE Journal of Selected Topics in Quantum Electronics, Vol. 4, No. 6, Nov./Dec. 1998 
30 (pp. 938-947); "A Selective Epitaxial SiGe/Si Planar Photodetector for Si-Based OEICs," T. 

Tashiro et al., IEEE Transaction of Electron Devices, Vol. 44, No. 4, April, 1997 (pp. 545-550); 
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and "High-Speed Monolithic Silicon Photoreceivers on High Resistivity and SOI Substrates/' 
J.D. Schaub et al., Journal of Lightwave Technology, Vol. 19, No. 2, February 2001 (pp. 272- 
278). 

In the first article, B. Jalili et al. discuss silicon-germanium heterostructures that 
5 implement Si-based optoelectronic detectors. They describe one detector that is fabricated by 
using molecular beam epitaxy to grow layers of the heterostructure on top of an SOI waveguide. 
That detector operates by detecting the evanescent field of the optical signal in the waveguide. 
They discuss another device that employs multiple layers of Ge grown directly on silicon. In the 
second article, T. Tashiro et al. describe a selective epitaxial growth SiGe/Si planar 

10 photodetector which could be used to convert the optical signals in the waveguides to electrical 
signals that can be used by the electronics that are to be fabricated in the upper layer. Their 
structure is fabricated by using cold-wall ultra-high-vacuum/chemical-vapor-deposition 
(UHV/CVD). Finally, in the third article J.D. Schaub et al. describe a lateral photodiode 
structure of the type that could be used to convert the optical signal in the optical waveguide to 

15 an electrical signal that can be passed up to the microelectronics in the upper layer. 

At wavelengths significantly below 1200 nm (e.g. 850 nm and lower), silicon becomes 
opaque so it cannot be used as the core material of an optical waveguide. Thus, other materials 
must be used to construct the waveguides that can operate at the lower wavelengths. Si02 is an 
example of one such material that will transmit the shorter wavelengths. 

20 Producing low-loss waveguiding in an opaque medium can be achieved by wrapping a 

transparent, lower index cladding around the waveguide core. This "insulating" layer reduces 
the optical power reaching the absorbing silicon but also introduces a "tunneling" loss 
mechanism. To appreciate tunneling loss recall that the optical field in the core is a propagating 
wave in both the radial and axial directions, but outside the core it is propagating in the axial 

25 direction and evanescent in the radial direction, i.e., decays exponentially outside the core. This 
exponential tail has some finite value where it intersects the interface between cladding and 
silicon. Since the index is much higher in the silicon (i.e., the speed of light is much lower), the 
tail produces "conical" radiating waves in the silicon that carry optical power away from the 
waveguide, producing loss. In practice, the weaker the tail at the cladding-silicon interface, the 

30 weaker the radiation, hence tunneling loss. 

10 
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An indication of losses and cladding thickness is shown in Fig. 8 for three slab (ID) 
waveguide models. These slabs are uniform and infinite in the lateral direction, for ease of 
calculation. The thickness of the core region is "h" and the thickness of the cladding on either 
side of the core region is of equal thickness and is one of the variables plotted in Fig. 8. An 
5 actual waveguide would, of course, be finite in the lateral direction as well (2D). The top and 

bottom of the model are terminated with perfectly matched layers (PMLs) to absorb the tunneled 
radiation. The plotted results are suggestive of the cladding dimensions and losses versus 
waveguide (slab) properties of interest here. Practical losses are fractions of a dB/cm so cladding 
thicknesses of at least two or three |im are probably necessary for the 2D cladded waveguide. 

10 Note that tunneling loss completely dominates absorption in the silicon, assuming otsi > 1000/cm, 
say. Note also that higher modes losses are significantly greater than the fundamental mode 
losses plotted in Fig. 8, perhaps requiring twice the cladding thickness. 

The natural choices for waveguide core/cladding materials in opaque silicon are doped 
silica, e.g., GeC>2 doping, or silicon oxynitride (SiO x N y ) for the core, and silica (SiC>2) for the 

15 cladding. These are produced by a variety of techniques, most notably plasma enhanced 

chemical vapor deposition (PECVD) at low temperature, as well as ion exchange (molten salt) 
and flame hydrolysis deposition (and high temperature consolidation). 

The change in index of refraction, An for doped silica can range up to about 0.05 n S in ca 
(5% contrast), e.g., from 1.45 to perhaps 1.52 (or 1.5 to 1.575). For silicon oxynitride the 

20 feasible range is from 1.45 (silica) to 2.02 (silicon nitride), i.e. An = 0.39 n s iuca. Specifics 
depend, of course, on the working wavelength. Therefore, significant index contrasts are 
potentially available. Results reported in the silica-on-silicon telecom literature on PECVD 
waveguides show that 5% contrast is typical for both doped silica and silicon oxynitride. It is 
likely that higher contrasts via increased concentration of nitrogen introduces other issues. 

25 The down-side of PECVD is the incorporation of hydrogen due to low deposition 

temperature and the hydrogen-rich precursors, silane and ammonia. The N-H and Si-H bonds 
cause high losses in the near-IR, e.g., 1300 nm to 1500 nm, and at shorter wavelengths as well. 
The solution is a high temperature anneal, which may or may not be feasible depending on 
conditions of manufacture and application of the waveguide medium. 

30 There are multiple known ways of fabricating waveguides for carrying the shorter 

wavelength signals. The description of one approach is presented in U.S. 2003/0052082 Al, 
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published March 20, 2003 (U.S.S.N. 09/957,395, filed September 19, 2001), which is 
incorporated herein by reference. 

A typical process for fabricating the cladded core waveguides in silicon might involve 
process steps that are similar to those described above for fabricating SiGe waveguides. In 
5 general, such a sequence would generally involves the following steps. 

First, trenches are etched in the silicon substrate wherever the waveguide is intended to 
be. Then, using CVD, a silica under-cladding and side-cladding is grown on the inside walls of 
the trenches. After the silica under-cladding has been grown, CVD is used to grow a silicon 
oxynitride (or doped silica) core. After the core has been grown, CMP is used to remove the 

10 deposited layers down to the silicon substrate surface. Then, CVD is used to grow another silica 
layer for the over-cladding. The deposited silica layer is etched to form an over-cladding strip 
above on the side-cladding and core and remove it from areas above regions outside of the 
waveguide. Next, CVD is used to deposit a silicon cover layer and CMP is used to planarize the 
deposited silicon cover layer and to yield a cover layer of the required thickness. (Note that the 

15 over-cladding would be equally effective in minimizing losses to the surrounding silicon if it is 
left as a blanket layer and not etched.) 

The above-described SOI embodiments yield advantages in microelectronic circuits due 
to the low dielectric capacitance and high resistance of the substrate. There are a number of 
known ways of fabricating SOI structures, some of which are described in the above-mentioned 

20 article by B. Jalali et al. Two approaches that are useful for fabricating the embodiment of Fig. 1 
are the bond-and-etchback SOI (BESOI) technique and the smart cut process. 

According to the BESOI technique, a first silicon wafer is oxidized followed by a 
hydrophilic bonding of the oxide layer to the bare surface of a second silicon wafer. The first 
silicon wafer is then thinned and polished by mechanical and mechanical/chemical processes to 

25 the desired thickness. The optical signal circuits would be fabricated into the side of the second 
wafer that provides the bare surface. The thinned first silicon wafer would then provide the 
substrate into which the microelectronics are later fabricated. 

According to the smart cut process, an oxidized silicon wafer is implanted with hydrogen 
through the oxide surface layer. After that, the oxide surface is bonded to the surface of a bare 

30 silicon wafer by hydrophilic bonding. During a subsequent heat treatment the first silicon wafer 
splits into two parts leaving a thin silicon layer on top of the oxide layer (thereby removing much 
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of the silicon substrate). The new exposed surface of the silicon is then polished by mechanical 
and chemical/mechanical methods. In this case, the optical signal circuit would be fabricated 
into the surface of the bare silicon wafer prior to bonding that surface to the oxide surface of the 
first wafer. 

5 Connecting the electrical signals between the microelectronics and optical-ready wafer 

components can be accomplished by standard etching of vias 59 (see Fig. 1) through the oxide 
into the optical-ready wafers which are subsequently connected electrically by standard means. 
Coupling of optical signals to the electronic layers or externally can be performed as described 
by M. H. Choi et. al. in "Self-Aligning Silicon Groove Technology Platform for the Low Cost 

10 Optical Module," IEEE 1999 Electronic Components and Technology Conference (pp. 1 140- 
1 144) or by Chen et al. in "Fully Embedded Board-Level Guided- Wave Optoelectronic 
Interconnects/' Proceedings of the IEEE Vol. 88, No. 6, June 2000 (pp. 780-793). 

Referring to Fig. 2, an alternative embodiment of the optical-ready substrate omits the 
insulator layer that is present in the SOI structure. In this non-SOI embodiment , after the optical 

15 signal distribution circuits are fabricated into the substrate, an epitaxial layer of silicon is grown 
directly on top of the substrate above the optical circuits. This epitaxial layer provides the 
substrate on which the integrated microelectronic circuits are fabricated using conventional 
semiconductor processing. 

The epitaxial layer that is grown on top of the substrate containing the optical circuitry 

20 needs to be a single crystal material. Since the optical distribution network affects only a very 
small percentage of the total surface area, it will be possible to grow the epitaxial layer without 
having the areas in which the optical elements have been fabricated unacceptably compromising 
the quality of the resulting epitaxial layer. 

One can get a sense of the area that is required to fabricate such a circuit on a chip by 

25 reviewing the sizes of the individual structures that would have to be fabricated. In the optical 
clock signal distribution network, there will be a network of waveguides connected at branch 
points by splitters, and a number of detectors, one at the end of each waveguide. A 
representative clock distribution network when viewed from above might look like that depicted 
in Fig. 4. There might typically be from 8 to 128 domains to which the optical clock signal is 

30 delivered (Fig. 4 shows 16 domains). In each domain, there is phase lock loop (PLL) circuitry 
that converts the synchronous clock signals to higher frequencies and delivers them to the local 
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devices. In future electronic chips, direct connection of optical signals to local electronic circuits 
could occur without use of PLLs, magnifying the number of splittings and detectors into 
thousands or even millions. 

Typically, the waveguides might be about 3|im (micrometer) wide and the detectors 
5 might be about 10|im by lO^im. And as just mentioned, the number of clock points (i.e., points 
at which a clock signal is delivered up to the microelectronics) might be from 8 to 128. In 
contrast, the chip might typically be about 20mm on a side. 

Still another embodiment omits any layers on top of the substrate in which the optical 
circuitry is fabricated. That is the integrated microelectronic circuitry is fabricated directly on 

10 top of the surface of the substrate 

In the case of the optical-ready embodiments which include only an epitaxial layer above 
the optical circuitry or which have no layers above the optical circuitry, it should be kept in mind 
that the components created on the optical-ready wafer must be created in a manner that leaves a 
crystalline surface on top that is adequate for subsequent electronic fabrication. Furthermore, the 

15 optical components must be created sufficiently robust to survive subsequent processing steps 
needed for microelectronic fabrication. The most stringent of these is probably thermal 
processing up to 1000°C for several minutes. The high temperature processing limitation may, 
for example, preclude use of aluminum wires within the optical-ready substrate. However, 
electrical connections that are made with doped silicon and silicides can withstand these 

20 processing temperatures with proper design of tolerances. The electrical devices can be 
fabricated with conventional processes such as ion implantation processes and etch and 
redeposition processes, just to name two. If desired to connect to the electrical layer or 
otherwise, electrical connections with metal wires can be performed in a subsequent electronic 
microfabrication step using the same wiring techniques used to connect the electronic 

25 components being fabricated. 

In the embodiments described above, the microelectronics is fabricated above or on top 
of the microphotonics thus producing a vertical arrangement. It may, however, be desirable to 
arrange the two regions (i.e., the area holding the microelectronics and the area holding the 
microphotonics) horizontally on the same plane. In other words, the two regions lie on the same 

30 upper plane of the substrate but in different areas. Schematic representations of this approach are 
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shown in Figs. 5-7. In each of these embodiments, SOI wafers are used. As will become 
apparent below, the choice of SOI enables the integration of CMOS devices in the same Si layer. 

In the embodiment shown in Fig. 5, all fabrication is done in the top silicon layer which 
might typically be from 0.5 to 10 [xm thick. The surface area of each chip that is to be produced 
5 on the substrate is divided into two areas, a first area 80 in which the optical signal distribution 
circuitry is fabricated and a second area 82 in which the microelectronic circuitry is fabricated. 
In first area 80, semiconductor fabrication processes are used, as discussed previously, to 
fabricate the various microphotonic components of the optical distribution circuitry 84. If the 
optical circuitry is for the purpose of optical clock signal distribution, then the components 

10 might, as discussed above, typically be the waveguides and y-splitters that are necessary to 

distribute the optical signal, the input components that are necessary to receive the optical clock 
signal from off-chip sources, and the detectors that are necessary to convert the optical signals to 
electrical signals that can be used by the microelectronics that are located in the second area. 

After fabrication within first area 80 is complete, the result is an ojptical-ready substrate. 

15 The optical-ready substrate is then shipped to the integrated circuits manufacturer that purchased 
the substrate and that manufacturer, using what are likely to be conventional semiconductor 
fabrication processes, fabricates the microelectronic circuitry 86 into second area 82 of each chip 
on the wafer. In the illustrated embodiment, microelectronic circuitry 86 is CMOS circuitry 
fabricated by using well-known CMOS semiconductor processing technology. The electrical 

20 signals from the detectors within the first area can be provided to the corresponding 

microelectronic elements within the second are by metalizations (not shown) on the top of the 
wafer, as is commonly done for connecting electrical components. 

Two advantages of this approach are that the semiconductor processing can be performed 
using tools existing in semiconductor manufacturers* fabrication facilities and it can be done with 

25 processes and materials that are compatible with CMOS processing. The Si layer is the top layer 
of a silicon-on-insulator (SOI) wafer. The insulating oxide layer beneath serves as the bottom 
cladding while a deposited silicon dioxide serves as an upper cladding. The high-speed detectors 
are formed in the same plane as the waveguides. High-speed CMOS devices are fabricated in 
the 0.5-10 urn Si layer with or without the addition of mobility enhancing layers such as strained 

30 Si. High-speed performance can also be achieved through the Ge doping, ultra-high 

confinement, resonant cavity, plasmon or photonic bandgap effects or a combination thereof. 
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As noted above, Fig. 5 is only a schematic representation of the substrate. The area that 
is actually dedicated to the microphotonic components, as opposed to the microelectronics, is 
more likely distributed over the area of the chip in a more complicated way the details of which 
will depend on the layout of the microcircuits. That is, it is not likely to simply be as shown 
5 where one half of the chip is dedicated to the microphotonic components while the other half is 
dedicated to the microelectronics. As suggested by Fig. 4, the area dedicated to the 
microphotonic components is only a small fraction of the surface area and it is distributed in a 
branched manner. 

Referring to Fig. 6, in a modification to the structure depicted in Fig. 5, the high-speed 

10 CMOS devices are fabricated in a thin Si layer 88 while the Si-based waveguides and detectors 
are fabricated in a thicker epitaxial Si or SiGe layer 90 that is selectively grown on top of the thin 
Si layer in areas set aside for the optical clock distribution circuitry. Again, metalization 
pathways deposited on the top of the chip are used to deliver the electric signals from the 
photodetectors on the optical portion of the chip to the microelectronic components on the other 

1 5 portion of the chip. 

If for integration, cost, and/or yield reasons the layer for optical clock distribution needs 
to be separated from the CMOS circuitry, the stacked chip approach shown in Fig. 7 can be used. 
In this case, two SOI substrates are used, a first SOI substrate 100 in which the optical signal 
distribution circuitry is fabricated into the upper silicon layer 101 by using semiconductor 

20 fabrication processes designed for that purpose and a second SOI substrate 102 in which the 
microelectronic circuitry is fabricated into the upper silicon layer 103 by using semiconductor 
fabrication processes tailored for that purpose. The chips that result from the two wafers are then 
interconnected connected by flipping the optical chip over onto the top of the microcircuit chip. 
The required electrical connections between the two chips are made by using a known electrical 

25 interconnection technique, such as bump bonding. 

A number of embodiments of the invention have been described. Nevertheless, it will be 
understood that various modifications may be made without departing from the spirit and scope 
of the invention. 

For example, we have described embodiments in which all optical elements are in the 
30 lower (buried) level and none are in the levels in which the electrical components are fabricated. 
That is, they are all fabricated prior to beginning the fabrication of the electrical elements and the 
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signals that are passed up the electrical components from the optical layer are electrical signals 
(not optical signals). Nevertheless, it may be desirable to relax the requirement that all optical 
elements be confined to the underlying optical layer and to instead fabricate one or more of the 
optical elements concurrently with the fabrication of the electrical components. For example, the 
5 electrical component fabricator might want the optical clock signals sent up to the electrical layer 
and the electrical component fabricator will supply the optical detectors in the electrical layer to 
convert the optical signals to electrical signals for that layer. 

In addition, though we have described the substrate in which the micro-photonic elements 
are fabricated as a simple silicon substrate, that substrate could itself actually be a multi-layered 

10 structure. For example, it might be desirable to include in the base substrate a buried insulator 
that serves as the lower cladding to the waveguides that will be fabricated therein. In other 
words, the simplicity of the described embodiment is not meant to imply that other more 
complicated substrate configurations could not be used. The design of the underlying substrate 
will depend on the processing objectives and the functionality that is desired from the 

15 components that are to be fabricated therein. 

Also, in the above-described embodiments, we have discussed using silicon as the 
substrate material. It should be understood, however, that other semiconductor materials could 
be used so the invention is not meant to be limited to only using silicon. For example, one could 
also implement the above-described structures in other materials including, for example, Ge, 

20 GaAs, InP and GaN. In addition, though we have used SOI as an example meaning silicon-on- 
insulator, the reader should understand that other semiconductor-insulator combinations could 
also be used. 

The embodiments described herein implemented a optical network for distributing optical 
clock signals that are provided by an off-chip source. However, the optical circuit could be more 
25 sophisticated and could be designed to serve other purposes such as simply conveying optical 
signals between different locations on the microelectronic circuit or even performing optical 
signal processing. To implement these other embodiments would of course also require using 
additional optical components such as modulators, switches, and laser elements, just to name a 
few. 

30 As we noted above, the optical-ready substrates can be fabricated by using SOI 

technology or they can be fabricated in other ways without using SOI technology. In addition, it 
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should be understood that the optical-ready wafers can be fabricated using SOI technology for 
the entire wafer or for only local areas of the wafer (e.g. just for the transistors or just form the 
optical components). 

Accordingly, other embodiments are within the scope of the following claims. 
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